The flow patterns and pool boiling heat transfer performance of rectangular grooved surface immersed in saturated water were experimentally investigated. 
Introduction
The electronics industry has reduced chip sizes and increased the concentration of the circuits and number of transistors in a silicon chip. Advances in chip design have also increased the power dissipated in a small volume. Higher operating temperature and power consumption by today's electronic components necessitate improved heat transfer from these devices. Boiling heat transfer, a highly efficiency technique, which provides a heat transfer coefficient that is two orders of magnitude higher than that of single phase heat transfer is proposed by several researchers. To reduce the boiling hysteresis and increase the CHF, enhancement of boiling heat transfer is recommended. The method that has been studied extensively to improve pool boiling heat transfer is small-scale surface enhancement using a variety of techniques, including surface roughening, porous metallic coatings, microporous coatings, MEMS fabrication and others. Several active studies have dealt with the enhancement of boiling heat transfer from electronic components by use of surface microstructures that were fabricated directly on a silicon chip or on a simulated chip. Messina and Park [1] , used photographic method for the manufacture of precise arrays of artificial pits on flat plate copper heat transfer surfaces. Anderson and Mudawar [2] , employed various arrangements of fins, studs, grooves, and vapor-trapping cavities. Oktay [3] applied novel surface treatments to large-scale integrated (LSI) devices. Oktay and Schmekenbecher, [4] produced a brush-like heat exchanging structure of ferromagnetic powder on a semiconductor device chip. Hwang and Moran [5] studied cavities of 3-15µm mouth diameters drilled by laser over a vertical silicon test surface. Phadke et al., [6] produced heat sink surface consisting of a large array of pyramidal cavities etched into the silicon using standard microelectronic fabrication techniques. Kubo et al., [7] developed treated surfaces with microreentrant cavities by use of microelectronic fabrication techniques. Wright and Gebhart [8] tested micro-configured (hexagonal dimples and rectangular trenches) etched silicon surfaces. Porous surface structure was manufactured with precision by Nakayama et al., [9] . Treated surfaces and surface microstructures by spraying and painting were generated by O'Connor et al., [10] , [11] . Micro-porous enhanced structure was achieved by applying copper and aluminum particle coatings by Chang and You [12] . Bergles and Chy'u [13] used commercial porous metallic matrix surface. Thanigaivelan and Deepa [14] aimed to improve the convective heat transfer coefficient by applying aluminum paint coating on a micro-fin structure. The paint coated copper test piece produced 20.62% higher heat transfer compared to aluminum test piece. Meikandan et al., [15] investigated the effect of the nanocoating on the heat exchanger surface. 24.2 % improvement in heat transfer rate was observed and transient temperature response of the nanocoated heat exchanger tube is higher than uncoated one for a given experimental conditions. Several theoretical and experimental studies have been carried out involving pool boiling from single fin or extended surfaces, on both micro and large scales. Siman-Tov [14] found that heat transfer performance on a fin array could not be understood by analyzing a single fin. Klein and Westwater [15] experimentally analyzed transverse fins and cylindrical spins boiling in R-113 and water. Hirono et al., [16] proposed that interference between adjacent rectangular fins could reduce the boiling heat transfer performance in the high heat flux region. Guglielmini [17, 18] studied the effects of orientation and geometrical configuration on extended surface and found that straight fin surfaces offered better boiling performance than plane surface. Rainey and You [19] studied the plain and microporous, square pin-finned surfaces. Zhang and Shoji [20] examined the physical mechanisms of the interaction between nucleation sites, and found that it was governed by three factors-hydrodynamic interaction between bubbles, thermal interaction between nucleation sites, horizontal and declining bubble coalescences, Shoji and Takagi [21] employed a single artificial cavity to analyze the nonlinear behavior and low dimensional chaos of the bubbles, Honda and Wei [22] obtained considerably greater heat transfer from silicon chips with the micropin-fin. Yu et al., [23] presented boiling performance and flow mechanism on artificial micro-cavity surfaces with different geometric parameters.
The pool boiling mechanism is very complex and many factors are responsible for high heat transfer rates, including latent heat transfer, natural convection and micro-convection. Several investigators have used visualization as a tool to observe the relative contributions of those mechanisms. Nakayama et al. [24] used a rectangular channel covered with a thin sheet with pores at a regular pitch and the entire structure was immersed in R-11. Arshad and Thome [25] conducted visualization from similar surfaces to understand the mechanism of boiling inside the channels. Xia et al., [26] observed that the boiling hysteresis attenuates as narrow channels and the first local bubble site is active on the upper part of the narrow channel.
The purpose of the present study is to explore the possibility of enhancing the boiling heat transfer using grooves especially at high heat fluxes. Another main goal of this study is to observe the bubble flow mechanisms of the grooved surface by recording videos.
Experimental apparatus
An experimental facility was designed and constructed to investigate the boiling phenomenon with water as working fluid at atmospheric pressure. The pool boiling experimental apparatus is schematically depicted in Fig. 1 . The major parts of the test rig are, boiling chamber, heating block, measurement and data acquisition system, and pressure control system. The boiling chamber is a stainless steel square vessel of 200 mm side, 350 mm height, with two circular glass windows, to enable the flow visualisation. The cooling water condenser was coiled in the upper section inside the vessel and connected to a cooling water circulating pump to keep the vessel at atmospheric pressure. A pressure transducer was located at the top of the vessel to measure the pool pressure. The liquid bulk temperature (Tsat) and vapour temperature (Tv) were measured using thermocouples. An auxiliary heater of 500W capacity was inserted into the vessel to heat the liquid bulk to saturation temperature. The schematic details of the heating block are shown in Fig. 2 , which includes a replaceable test surface mounted on a copper cylindrical rod wrapped with nylon insulator. The 19mm diameter 7mm thick circular test surface has a 15mm diameter 3mm thick groove which exactly fits on the 15mm diameter heater rod. To reduce thermal contact resistance between the test surface and the heater rod, thermal grease is used. Resistance heater of 500W capacity was inserted into the copper rod. All test surfaces used were manufactured by milling grooves on 15mm diameter 7mm thick copper piece, as shown in Fig. 3 . The detailed geometry specifications of grooved surfaces are listed in Table 1 . Three K-type sheathed thermocouples (T1, T2, T3) of 1mm diameter are inserted into the holes drilled along the axis of the rod close to the test surface as shown in Fig. 2 , to calculate the heat flux and the surface temperature. Two K-type sheathed thermocouples (T4, T5) of 1mm diameter are inserted into the holes drilled in the insulation to calculate the radial heat loss. All the signals, including those from thermocouples, heaters and the pressure transducer were collected by a data acquisition device. A high speed camera (Promon 501) was installed in front of the glass window to observe the mechanism of boiling from these test surfaces. The image was recorded and the data collected simultaneously during the experiment, to enable visual images to be compared with corresponding measurements.
Experimental procedures
The working liquid water was filled into the boiling chamber before the test run and was maintained constant for all the trials. The water was heated to the saturation temperature using auxiliary heater and was boiled vigorously for two hours to remove dissolved gases and any non-condensed gas before the test run. Heat input was given to test heater and after the steady state was reached, the thermocouple readings were noted down. The power input was increased in small steps and for each steady state the thermocouple readings were noted down. Meanwhile, the videos were recorded using a camera.
Data reduction
The surface temperature of the test piece was calculated by extrapolating the temperature readings obtained from the three thermocouples provided along the length of the heater rod at a distance of 10mm each. These thermocouple readings were also used to calculate the temperature gradient (dT/dx) and then the heat flux (q) assuming one-dimensional steady-state heat transfer in the axial direction. Local heat transfer coefficient between the surface and the water was calculated by applying Newton's law of cooling as in eq. (1).
where Tsat is the saturation temperature of the water at the corresponding pressure, Tw is the surface temperature of the test surface and k is the thermal conductivity of material of heater rod. To determine bubble departure diameter, the suitable image taken from the recorded videos is processed in MATLAB image processing tool. Here bubble diameter is obtained as pixels. The pixel size of reference object (for example fin thickness) of known size is measured. This is used to find out the conversion factor. Thus diameter of bubble (in mm) is calculated by using Eq. (2).
where dx is the bubble diameter measured as pixels, t is known value of thickness taken as reference and tx is the reference thickness measured in pixels. One bubble cycle is the sum of the bubble growth period and the waiting period. Bubble cycle for thirty bubbles from the same nucleation site was measured and the average value was determined. The bubble frequency is the reciprocal of this average bubble cycle period. The uncertainty in temperature measurement is ±0.1°C. Uncertainty in distance measurement is ±0.1 mm. Kline and McClintock [27] method was used to estimate the uncertainty for the derived quantities.
The uncertainty in wall superheat, heat flux and heat transfer coefficient are calculated by Eq. (3), (4) and (5) respectively.
The resulting maximum uncertainty in the heat flux was 1.55%. The maximum uncertainty in the wall superheat values was 0.44%. The maximum uncertainty in the heat transfer coefficient was 2.57%. Fig. 3 Grooved surface
Results and Discussions
The plot presented in Fig. 4 illustrates the typical boiling curve for various grooved surfaces. It is clear that grooves improve the heat transfer. An attempt is made to establish the effect dimensionless parameter, aspect ratio (groove depth/fin thickness) on heat transfer. It may be observed that there are not any clear trends that result from creating dimensionless parameter. This implies that the heat transfer capabilities are dependent on the absolute dimensions of the groove geometry in the present work. For example, GS2 and GS4 have similar AR values of 2, but the two surfaces are drastically different in regard to heat dissipation. Therefore, in this current work, the effectiveness of the grooved surfaces cannot be classified based on the dimensionless quantity. This is in contrast to Yu and Lu [28] , who observed that the fin aspect ratio strongly affects the CHF enhancement, because, lower aspect ratio fins, either lower fin length or larger fin spacing, provide lower resistance to the departure bubble and 
re-wetting liquid and yield higher heat transfer rate per unit area. Figure 5 shows the variation of bubble departure diameter with heat flux for different surfaces. Bubble departure diameter increases initially with increase in heat flux, then it drops sharply at higher heat flux for grooved surfaces. This shows that surface tension is dominant force for grooved surfaces. Frequency of bubble formation as a function of heat flux for different surfaces is depicted in Fig. 6 . The results show that the frequency of bubble generation increases with heat flux and is higher for grooved surfaces compared to the plain surface. This results in higher heat transfer from grooved surfaces.
Visualisation of boiling on surfaces
The videos recorded during experimentation are converted into images and are used to study the effect of groves on bubble dynamics. At low heat flux, few bubbles formed from active nucleation sites on the grooves and the remaining portion was under free convection as shown in Fig. 7(i) . The bubbles always originated from some fixed sites, the groove corner and slid along the channel wall. The channels were always flooded with liquid and the liquid meniscus can be seen. The liquid that is getting heated up on the fin top from adjacent fins form huge bubble over the liquid meniscus. At higher heat flux, more number of bubbles are formed and bubble coalescence can be observed between the adjacent channels as observed from fig. 7 (ii).
(ii) q=300kW/m 
Correlation development
The pool boiling heat transfer depends on the parameters density (ρ), specific heat (Cp), latent heat (hfg), heat flux (q), wall superheat (ΔT), thermal conductivity (k), bubble departure diameter (db) and frequency (f). For grooved surface additional geometric parameters, groove width (g), fin thickness (t) and groove depth (d) are considered. The parameters and properties are grouped to form dimensionless numbers by Buckingham's π-theorem and seven π-terms are obtained. These π-terms are: , and ᴨ 7 = "
The dimensionless number π7 can be expressed as a function of other π-terms as shown in Eq. (6). The power law regression method is used to obtain the correlation between ᴨ 7 and other ᴨ-terms. The correlation obtained is as shown in Eq. The mean absolute error (MAE) of Nusselt number calculated from the experiment and those predicted from the present correlation is obtained using Eq. (9) and it is plotted in Fig. 8 . The mean absolute error is found to be 7.42% in the investigated range of heat flux. 
Conclusions
Pool boiling heat transfer from plain and grooved surfaces immersed in saturated water at atmospheric pressure was experimentally studied. The effects of aspect ratio on the nucleate boiling heat transfer performance were also reported. Visualisation studies were done to ascertain the cause for enhancement in heat transfer from grooved surfaces. The experimental results support the following conclusions:
• Boiling generally initiated at the base of the groove, it spread to the fin root, regardless of the heat flux. This result was associated with the fact that generated bubbles can be easily eliminated by the capillary action.
• Large vapor mushroom clouds were found to accumulate inside the channel, at high heat flux.
• The enhancement of heat transfer rate was not proportional to the total aspect ratio.
• Prediction accuracy of developed correlation for Nusselt number was 7.42% 
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